The Alzheimer's disease (AD) brain is characterized by plaques containing ␤-amyloid (A␤) protein surrounded by astrocytes and reactive microglia. Activation of microglia by A␤ initiates production of reactive oxygen species (ROS) by the plasmalemmal NADPH oxidase; the resultant oxidative stress is thought to contribute to neurodegeneration in AD. We have previously shown that A␤ upregulates a chloride current mediated by the chloride intracellular channel 1 (CLIC1) protein in microglia. We now demonstrate that A␤ promotes the acute translocation of CLIC1 from the cytosol to the plasma membrane of microglia, where it mediates a chloride conductance. Both the A␤ induced Cl Ϫ conductance and ROS generation were prevented by pharmacological inhibition of CLIC1, by replacement of chloride with impermeant anions, by an anti-CLIC1 antibody and by suppression of CLIC1 expression using siRNA. Thus, the CLIC1-mediated Cl Ϫ conductance is required for A␤-induced generation of neurotoxic ROS by microglia. Remarkably, CLIC1 activation is itself dependent on oxidation by ROS derived from the activated NADPH oxidase. We therefore propose that CLIC1 translocation from the cytosol to the plasma membrane, in response to redox modulation by NADPH oxidase-derived ROS, provides a feedforward mechanism that facilitates sustained microglial ROS generation by the NAPDH oxidase.
Introduction
A major feature of Alzheimer's disease (AD) is the accumulation of extracellular ␤-amyloid (A␤) into plaques infiltrated with activated microglia. Exposure of microglia to A␤ increases the expression of the chloride intracellular channel 1 (CLIC1). We have previously demonstrated that blocking CLIC1 reduces A␤-induced microglial-mediated neurotoxicity (Novarino et al., 2004) . In the present work, we identify a novel mechanism through which CLIC1 plays a pivotal role in the microglial response to A␤, which could have profound implications for the pathophysiology of AD.
The CLIC family consists of seven proteins (Shanks et al., 2002) , with CLICs 1, 4, and 5 known to possess chloride channel activity (Tonini et al., 2000; Tulk et al., 2002; Berryman et al., 2004; Singh and Ashley, 2006) . CLIC1 was originally identified in monocytes (Valenzuela et al., 1997) and is able to insert into membranes from the aqueous phase (Tulk et al., 2002; Warton et al., 2002) . CLIC1 channel activity is increased by oxidation, probably through the formation of an intrachain disulfide bond that promotes dimerization (Harrop et al., 2001; Littler et al., 2004) . Although CLIC1 is the most highly expressed transcript of a range of chloride channels encoded by mammalian microglial mRNA (Ducharme et al., 2007) , its functional role remains obscure.
In response to A␤, microglia secrete a range of proinflammatory molecules including cytokines (Meda et al., 1999) and reactive oxygen species (ROS) (Bianca et al., 1999) . Oxidative damage is a feature of the AD brain (Lyras et al., 1997) , and considerable evidence suggests oxidative stress induced by microglial-derived ROS is a major contributor to neurodegeneration (Wilkinson and Landreth, 2006; Block et al., 2007) . Exposure of microglia to A␤ in vitro induces ROS generation by the NADPH oxidase (McDonald et al., 1997; Bianca et al., 1999) , specifically by NOX2 (Sankarapandi et al., 1998) . Neurons are protected by pharmacological inhibition (Qin et al., 2002; Abramov et al., 2003) or genetic modification of the NADPH oxidase (Block et al., 2006) , supporting a neurotoxic role for NADPH oxidase-derived ROS . Because NADPH oxidase-derived ROS and resultant oxidative stress are strongly implicated in the pathogenesis of AD (Shimohama et al., 2000; Wilkinson and Landreth, 2006; Park et al., 2008) , these processes and their mechanisms clearly represent attractive therapeutic targets.
Both NADPH oxidase and CLIC1 are upregulated in the AD brain (Shimohama et al., 2000; Parachikova et al., 2007) and expression of both increases in microglia in response to A␤ in vitro (Bianca et al., 1999; Novarino et al., 2004) . CLIC1 blockade limits A␤-induced microglial-mediated neurotoxicity after 24 h (Novarino et al., 2004) . Here, we describe a primary role for CLIC1 in microglial activation by A␤. Using electrophysiological and live cell imaging approaches, we show that A␤ promotes the acute translocation of CLIC1 from the cytoplasm to the microglia cell membrane, resulting in the appearance of an anion conductance within minutes. This conductance is shown to be essential for ROS generation by the NADPH oxidase, and is itself regulated by it, thus defining a fundamental role for CLIC1 in A␤-induced oxidative stress.
Materials and Methods

Cell culture and manipulation
Experiments have been performed using primary cultures of microglia from rat cortex and cells of the murine microglial immortalized cell line BV2 (Blasi et al., 1990; Bocchini et al., 1992) . We have used the BV2 microglial cell line for most experiments that require manipulation of gene expression, because transfection of primary microglial is problematic with a very low transfection efficiency.
The BV2 cell line was maintained in DMEM supplemented with 10% fetal bovine serum and 2 mM L-glutamine, without antibiotic. Purified primary microglial cultures were obtained from mixed glial cultures as described previously (Novarino et al., 2004) . Mixed cultures were obtained from 2-d-old Sprague Dawley rats. Cerebral cortices were isolated, mechanically dissociated and trypsinized, then centrifuged at 400 ϫ g for 5 min. The resulting pellet was resuspended in DMEM. Cells were transferred to 75 cm 2 poly-L-lysine-coated flasks and maintained in DMEM at 37°C in an atmosphere of 5% CO 2 . After 10 -14 d, these cultures were shaken to detach the microglia, which were then plated onto poly-Llysine-coated coverslips for 24 -48 h before use. Purity was assessed directly through the addition of FITC-conjugated isolectin B4 (Griffonia simplicifolia) at the end of an experiment and independently through immunofluorescent staining using antibodies against OX42 (microglia) and GFAP (astrocytes).
BV2 and primary microglia cell cultures were stimulated in all of the experiments using A␤ 25-35 at a concentration of 50 M and A␤ 1-42 at a concentration of 2.5 M. A␤ 25-35 is a truncated form of the peptide which contains the biologically active region; the concentrations chosen were those used routinely and known to elicit robust effect (Abramov et al., 2003) . In some experiments, we also used the following (in M): 100 H 2 O 2 , 500 tBOOH, 5 lipopolysaccharide (LPS), or 1 PMA. NADPHoxidase activity was inhibited by diphenylene iodonium (DPI) (1 M). Chloride channel blockers IAA94 and DIDS were used in all of the experiments at a concentration of 50 and 200 M, respectively.
Transfections were performed using Lipofectamine 2000. For CLIC1 localization experiments, BV2 cells were transfected with the DNA sequence of CLIC1 cloned in an enhanced green fluorescent protein (peGFP)-N1 plasmid (Clontech) where CLIC1 is in fusion with the eGFP (CLIC1-eGFP). In other experiments, the CLIC1 sequence was tagged at the N terminus with a FLAG epitope (Sigma-Aldrich) cloned in pIRES2-eGFP plasmid (Clontech) where the CLIC1 is separate from eGFP (CLIC1-FLAG). The FLAG epitope is recognized by monoclonal anti-FLAG-m2 antibodies (Sigma-Aldrich).
To knock down CLIC1 protein expression, we manipulated psiUbclic1B as described previously (Novarino et al., 2004) to generate siRNAs targeting a 21-nt region in exon 6 of CLIC1 mRNA (5Ј-GATGATGAAGAGATAGAGCTA-3Ј). The plasmid was produced by annealing corresponding complementary synthetic oligonucleotides which were then cloned into the BglII-XhoI sites of pSiUx. . To generate the pAAV 2.1-siUbclic1B derivative, the transcriptional unit was excised from psiUb-clic1B with XbaI and NheI and cloned in the same orientation as eGFP, into the NheI site of the pAAV2.1-CMVeGFP plasmid (a kind gift from A. Auricchio, Telethon Institute of Genetics and Medicine, Naples, Italy) (Auricchio et al., 2001 ). Therefore, the construct expresses eGFP under the control of the CMV promoter.
Cells transfected with siRNA were therefore identifiable using fluorescence microscopy through their green fluorescence.
Western blotting
SDS-PAGE and Western blotting were performed using standard techniques. Briefly, cells were lysed on ice in 10 mM Tris-HCl, pH 6.8, 0.1% Triton X-100, 100 mM NaCl, 300 mM sucrose, 5 mM MgCl 2 , and protease inhibitor mixture (Sigma-Aldrich). Samples were clarified by centrifugation at 4°C, 10,000 ϫ g for 5 min and equivalent amounts of proteins (20 g) of the surnatant were subjected to SDS-PAGE using 12% polyacrylamide gels, and proteins were electroblotted to nitrocellulose. The membranes were blocked with 5% milk powder in TBS for 1 h and then incubated overnight at 4°C with custom made anti-CLIC1 or with antimitogen-activated protein kinase (Sigma-Aldrich) in TBS containing 0.1% Tween 20 and 5% milk. After extensive washing, a peroxidaseconjugated anti-sheep (or anti-rabbit) antibody, diluted in TBS containing 0.1% Tween 20, was added for 1 h. Antibody binding was detected by chemiluminescence kit (ECL Blotting System; GE Healthcare).
Electrophysiology
Patch-clamp electrophysiology was performed in perforated-patch, whole-cell configuration using standard methods. In voltage-clamp mode, the bath solution was (in mM) 90 NaCl, 40 TEACl, 2 CaCl 2 , 2 MgCl 2 , 10 HEPES, 10 glucose, pH 7.35. For whole-cell perforated-patch experiments, the electrode contained (in mM) 20 TEACl, 120 TEACH 3 SO 4 , 10 HEPES, 10 glucose, pH 7.2. In current-clamp configuration, we used a different bath solution composed (in mM) of 145 NaCl, 5 KCl, 2 CaCl 2 , 2 MgCl 2 , 10 HEPES, 10 glucose, pH 7.35, and we filled the electrode with (in mM) 20 KCl, 120 KAsp, 10 HEPES, 10 glucose, pH 7.2. The antibiotic amphotericin B for voltage-clamp experiments and gramicidin for current-clamp trials (Sigma-Aldrich) were added to the pipette solution at a concentration of 60 g/ml and 2.5 g/ml, respectively. The first compound forms pores in the plasma membrane enabling the flow of monovalent ions, the second allows only the movement of cations providing electrical continuity between the recording pipette and the intracellular environment.
To obtain voltage-current relationship, we held the cell voltage at Ϫ50 mV, and we measured the current at the end of 800 ms voltage steps from Ϫ60 to ϩ80 mV. We used a subtraction method using IAA94 and DIDS to isolate the current sensitive to the current inhibitors. In our experimental conditions, the calculated chloride reversal potential was Ϫ48 mV, assuming that in perforated-patch configuration, the intracellular chloride concentration is similar to that in the pipette. We calculated a tip potential of Ϫ9.8 mV (PClamp 9; Molecular Devices) that was added to all of the plots regarding whole-cell experiments. An Axopatch 200 B amplifier and PClamp 9 (both from Molecular Devices) were used to record and analyze the whole-cell currents. Current recordings were digitized at 5 kHz and filtered at 1000 Hz.
In current-clamp mode, we found two distinct populations of microglial cells with different resting potentials. Cells which were spread and ramified showed a more polarized membrane voltage (mean of Ϫ67 Ϯ 2 mV; n ϭ 21). At the other extreme were round cells that showed a more depolarized resting potential (mean of Ϫ45 Ϯ 1.8 mV; n ϭ 30). The average membrane potential from the entire population of BV2 microglial cells was Ϫ54 Ϯ 2 mV, n ϭ 51. However, we found that only the more polarized cells showed membrane potential changes in response to A␤, suggesting that the other cells were already activated, dividing or somehow inactive. Therefore, all membrane potential data are presented only from the more polarized group of cells.
The junction potential was zeroed for each trial at the beginning when the electrode was immersed in the solution. At the end of each experiment, the configuration was changed from perforated-patch to wholecell mode, comparing voltage values. The resulting difference was negligible. Voltage recordings were digitized at 1 kHz and filtered at 200 Hz.
Imaging
CLIC1 translocation. Cells transfected with the CLIC1-eGFP plasmid or the empty vector were bathed in HBSS, while images were acquired using a Zeiss 510 LSM confocal microscope. eGFP was excited at 488 nm and fluorescence collected between 505 and 550 nm. In some cases, DiIC 12 , a red fluorescent lipophilic marker of phospholipid membranes, was used to clearly identify the plasma membrane of the imaged cells, in which case the DiIC 12 fluorescence was excited using a 543 HeNe laser and light collected at Ͼ560 nm. Images were digitized to 12 bits. GFP images were analyzed through construction of a fluorescence intensity profile across the brightest points of the cell membrane and extraction of the intensity values of pixels in the membrane region and comparison with values from the cytoplasmic region. Where DiIC 12 was used, colocalization was assayed using Zeiss LSM software within a region of interest chosen to encompass only the cell membrane.
Immunofluorescence. CLIC1 localization was probed using antibodies to the protein and, more specifically, its N terminus, after treatment with A␤.
BV2 microglial cells were treated with 50 m A␤ 25-35 for 1 h before washing with PBS and fixation with 4% paraformaldehyde 5 min at 4°C. Nonspecific binding was minimized through blocking with 10% appropriate animal serum. Where the primary antibody to the whole protein was used, cells were permeabilized using Triton X-100 (0.1% in PBS), where the primary antibody to the extracellular N terminus of the CLIC1 protein was used, cells were not treated with detergent. Secondary donkey anti-sheep antibodies (1:100; Santa Cruz Biotechnology) or rabbit anti-goat antibodies (1:350; Santa Cruz Biotechnology) were incubated for 45 min. Cells were stained with 4Ј,6Ј-diamidino-2-phenylindole dihydrochloride (DAPI) to identify the nuclei and mounted for visualization.
Images were again acquired using a Zeiss 510 LSM META confocal microscope. FITC-conjugated secondary antibodies were excited at 488 nm, Cy5-conjugated secondary antibodies were excited at 633 nm, and DAPI was excited at either 364 or 405 nm.
ROS production. Coverslips were transferred to small chambers for microscopy. Cells were imaged while bathing in a modified HBSS solution containing (in mM) 156 NaCl, 3 KCl, 2 MgSO 4 , 1.25 KH 2 PO 4 , 2 CaCl 2 , 10 glucose, and 10 HEPES, pH adjusted to 7.35 with NaOH. Dihydroethidium (HEt; 20 M) was added immediately before the start of an experiment and remained in the solution for the duration. Images were obtained using a cooled charge-coupled device (CCD) camera or a confocal microscope. In the first instance, fluorescence measurements were obtained on an epifluorescence-inverted microscope (Axiovert; Zeiss) equipped with a 20ϫ fluorite objective, using excitation light of 490 nm provided by a Xenon arc lamp with the beam passing a computer-controlled filter wheel (Cairn Research). Emitted fluorescence light was reflected through a 580 nm long-pass filter to a frame transfer cooled CCD camera (Hamamatsu 4880; Hamamatsu Corporation); data were collected and analyzed using Kinetic Imaging software. Alternatively, digital imaging of HEt fluorescence was performed using a Zeiss 510 LSM confocal microscope equipped with a 40ϫ oil-immersion lens. Excitation was provided by the 543 line of the helium-neon laser line and emitted fluorescence collected Ͼ560 nm. In all experiments using HEt, data were collected every 10 s over a baseline period of 5 min and for 40 min after cell stimulation. The rate of HEt oxidation in cells at rest was then compared with the rate of HEt oxidation in the same cells after activation by the A␤ peptide. Every cell in a field of view was analyzed and included in the final measurements, except in instances of extreme movement.
Brain sections. Analyses were performed on brains from the tripletransgenic mouse model of Alzheimer's disease 3ϫTg-AD, which overexpress human amyloid precursor protein, mutant human tau, and express mutant human presenilin-1 (Oddo et al., 2003) . Transgenic mice and their nontransgenic littermates were perfused with paraformaldehyde at 18 months of age. Vibratome sections of their brains were processed (1) for thioflavin S staining to reveal amyloid deposits and (2) for the detection of immunoreactivity for CLIC1 (using a custom made antibody, revealed by a secondary donkey anti-sheep antibodies) combined with the detection of microglia [using biotinylated Lycopersicon esculentum agglutinin (LEA) (1:2000; Vector Laboratories) revealed by streptavidin-Alexa 488 (Invitrogen)]. Sections were examined under a confocal laser scanning microscope (Leica). Fluorochromes were imaged separately and merged with Leica Power Scan software. Cells were only considered to have CLIC1 membrane localization when Ͼ40% of the cell body border showed reactivity to the antibody.
Analysis and statistics
Electrophysiology data are presented as mean Ϯ SEM. Values obtained from different experiments were tested for statistical differences using two population t tests for two independent samples (OriginLab or SPSS). Images were analyzed using Lucida and AQM software or Zeiss LSM 510 imaging software. Statistical analysis was again performed using OriginLab or SPSS. Data were assessed for normality using the Shapiro-Wilk test, and nonparametric analyses used where appropriate. All data are presented as mean Ϯ SE with n values given for both individual cells and coverslips. The point of minimum acceptable statistical significance was taken to be 0.05 and was Bonferroni corrected where required.
Results
A␤ induces an acute CLIC1-mediated membrane current in microglia
Exposure of rat primary microglia (PMG) or the microglial cell line BV2 (Blasi et al., 1990) to A␤ peptides during amphotericinperforated patch-clamp recordings induced an anion conductance, typically after a delay of 5-10 min. The current had kinetic parameters identical to those measured in Chinese hamster ovary cells transfected with recombinant CLIC1 (Tonini et al., 2000) . Because CLIC1 currents wash out rapidly after intracellular dialysis in the whole-cell patch configuration, the use of the perforated-patch configuration is critical.
Cells were clamped at a holding potential of Ϫ50 mV, close to the measured mean resting membrane potential of Ϫ54.5 Ϯ 2 mV (n ϭ 51). The basal current showed only a small component sensitive to the CLIC1 inhibitor, IAA94 (50 M), or to the generic chloride channel blocker, DIDS (200 M) (Fig. 1a) . Application of A␤ [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] (50 M) caused the appearance of an outward chloride current which reached a plateau after 10 -20 min (Fig. 1c) . The current was inhibited by IAA94 (by 54%). Of the residual 46% current, nearly 25% was inhibited by DIDS. An example of current subtraction for both components is shown in Figure 1b (inset). The current-voltage relationships (Fig. 1b) show that both the IAA94 and DIDS sensitive currents have reversal potentials close to the calculated chloride equilibrium potential of Ϫ48 mV (Ϫ45.4 Ϯ 2.7 mV and Ϫ42.7 Ϯ 2.2 mV, respectively; n ϭ 9)
A further analysis of the membrane current after exposure to A␤ [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] (Fig. 1c) shows that the current increased after a delay of ϳ10 min to reach a stable value over 13 Ϯ 2 min (n ϭ 21). The membrane current was seen in 21 of 34 trials (61%), with a mean amplitude of 340 Ϯ 22 pA (n ϭ 21). The current was reduced by 66% by IAA94, whereas the residual current (34%) was blocked by DIDS. The blockers caused the same degree of inhibition regardless of the order in which they were applied after exposure to A␤ [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] , suggesting that the IAA94 and DIDS sensitive currents are mediated by two different conductances.
The effect of A␤ on resting membrane potential in microglial cells revealed that activation of NADPH oxidase depolarizes the cells (Bianca et al., 1999; Wilkinson and Landreth, 2006) , whereas activation of the CLIC1 current reduces the depolarization. In current-clamp experiments (Fig. 1d,e) , 50 M A␤ 25-35 caused a depolarization of the more polarized group of BV2 cells (see Materials and Methods) from a mean resting potential of Ϫ67 Ϯ 2 mV to a new stable plateau of Ϫ45.9 Ϯ 4.5 (n ϭ 21). The membrane potential was then further depolarized by addition of 50 M IAA94 to inhibit CLIC1 to a new value of Ϫ19.6 Ϯ 3.2 mV (n ϭ 21). This effect was completely reversible on washout of the IAA94 (Fig. 1d) (n ϭ 8) . The depolarization caused by the CLIC1 channel blocker was not mimicked by perfusion of the proton channel inhibitor, ZnCl (3 mM) (Fig. 1e) (n ϭ 5). Thus, the CLIC1 conductance clamps the membrane potential toward E Cl , limiting the membrane depolarization that results from activation of the electrogenic NADPH oxidase.
We have previously confirmed that the IAA94-sensitive membrane current is specifically associated with the functional expression of the CLIC1 channel at the plasma membrane (Novarino et al., 2004) . In occlusion experiments, pretreatment with IAA94 prevented the effect of A␤ on both components (n ϭ 7; data not shown), suggesting that the DIDS-sensitive current is dependent on prior activation of the IAA-94-sensitive component. The DIDSsensitive component of the A␤-dependent current is probably a consequence of the change in cell shape and volume that accompany microglial activation (Eder et al., 1998; Ducharme et al., 2007) .
Because the IAA-94 sensitive (and DIDS-insensitive) component is specifically associated with the functional expression of the CLIC1 channel, we conclude that stimulation with A␤ rapidly generates a CLIC1-mediated current in the microglial membrane (Novarino et al., 2004) . Because the CLIC1-mediated current is likely to result from the insertion of CLIC1 directly into the membrane from its cytoplasmic environment, we explored CLIC1 translocation using confocal imaging.
CLIC1 translocates acutely from the cytosol to the microglial membrane in response to A␤ and within AD mouse brain It has been suggested that CLIC1 can translocate directly from the aqueous phase into artificial lipid bilayers (Tulk et al., 2002; Warton et al., 2002) . This rapid translocation can be demonstrated in microglial cells in real time, in response to A␤, and again suggests a primary role for CLIC1 in altering microglial function in the presence of the peptide. CLIC1 movement was studied using a CLIC1-eGFP construct in live BV2 cells. A␤-induced translocation of CLIC1-eGFP to the membrane is illustrated in Figure 2a , which shows images of a single cell before and ϳ1 h after exposure to A␤ [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] . Quantification of membrane-associated fluorescence (see Materials and Methods) showed that the ratio of membrane-associated signal to cytosolic signal was significantly increased from 0.97 Ϯ 0.02 (n ϭ 14 cells) in untreated cells to 2.05 Ϯ 0.1 (n ϭ 14 cells unpaired; p Ͻ 0.01) after A␤ 25-35 exposure.
The fluorescence distribution seen in CLIC1-eGFP transfected cells treated with [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] ,50MIAA94wasaddedtothesolution, followedby200MDIDS,followedbywashoutofthecurrentblockers.b,Subtractedcurrents,showingthecomponentssensitivetoIAA94 (411.3 Ϯ 11.6 pA) and DIDS (109.8 Ϯ 8.5 pA), respectively (inset), and the current-voltage relationships of the IAA94-(squares) and DIDS-(circles) sensitive currents. Both currents show reversal potentials close to the Cl Ϫ equilibrium potential given our experimental conditions (Ϫ45.4 Ϯ 2.7 mV and Ϫ42.7 Ϯ 2.2 mV, respectively; n ϭ 9). c, Time course of the BV2 microglial cell membrane current amplitude measured at 700 ms of an 800 ms voltage step from Ϫ50/ϩ50 mV, delivered every 10 s. Starting from a steady value, the cell was perfused with A␤ [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] . After 5-15 min, the current increased, reaching a plateau over 10 -20 min (n ϭ 21). Application of IAA94 reduced the current amplitude from 339.5 Ϯ 21.6 pA to 118.3 Ϯ 12.1 pA (n ϭ 21; p Ͻ 0.001, independent samples t test) which was furtherreducedby200MDIDS.Theoppositesequenceofchloridechannelblockerswasthenfollowed,showingthatIAA94andDIDSact on different targets. d, Membrane potential measurements during A␤ exposure. Shown is an example in which a microglial cell depolarized from Ϫ75 mV to Ϫ43 mV after perfusion with A␤ 25-35 (50 M); after reaching a plateau, addition of 50 M IAA94 prompted a further25mVdepolarization.Theeffectofthechloridechannelblockerwascompletelyreversible.e,Inasimilarexperimentfromanother cell, 3 mM zinc had no effect on the membrane depolarization caused by A␤. The effect of IAA94 was still evident.
A␤ was also significantly different from that seen in untreated CLIC1-eGFP transfected cells over the same time period (ratio of 1.14 Ϯ 0.11; n ϭ 4 cells; p Ͻ 0.001) and sham transfected cells (empty vector) treated with A␤ (ratio of 0.88 Ϯ 0.02; n ϭ 4 cells; p Ͻ 0.001).
To confirm that the CLIC1-eGFP was specifically localized to the membrane after A␤ treatment, transfected cells were colabeled with DiIC 12 , a lipophilic membrane-specific fluorescent dye (Fig.  2b) . Quantification of the colocalization of the CLIC1-eGFP (green) and DiIC 12 (red) signals in the cell membrane area gave a mean correlation coefficient (r) which increased from 0.04 Ϯ 0.06 before treatment to 0.44 Ϯ 0.08 in the presence of A␤ (n ϭ 7 cells; paired p ϭ 0.01), clearly demonstrating the rapid A␤-induced increase in the specific membrane localization of the CLIC1 protein.
Immunofluorescence studies verified the translocation of endogenous CLIC1 (in untransfected cells) to the membrane. Cells were treated with A␤ 25-35 or vehicle for 1 h before fixation, permeabilization, and staining with antibodies to the CLIC1 protein and DAPI. After treatment with A␤, the membrane region showed more than twice the level of fluorescent immunoreactivity of the cytoplasm, using either commercially available (Fig. 2c, bottom) or custom-generated antibodies (Fig. 2d,  bottom) . Membrane:cytoplasm fluorescence ratios were 2.79 Ϯ 0.4 and 2.10 Ϯ 0.2 using commercial and custom antibodies, respectively, significantly higher than in untreated cells (Fig. 2c,d , top) in which the ratios were 1.10 Ϯ 0.1 and 0.73 Ϯ 0.3 ( p Ͻ 0.01; n ϭ 40 cells total). Nonpermeabilized BV2 cells were exposed to a polyclonal antibody against the extracellular N terminus of CLIC1 (Fig. 2e) . A␤-treated cells (2e, bottom) clearly exhibited CLIC1-NH 2 immunoreactivity at the plasma membrane, which was negligible in untreated cells (Fig. 2e, top) . In lower magnification images (Fig. 2f ) , CLIC1 distribution in un- Figure 2 . The CLIC1 protein translocates to the cell membrane during acute exposure to A␤ peptides. a, A BV2 microglial cell transfected with a CLIC1-eGFP fusion protein, shown before (left) and after (right) stimulation with 50 M A␤ [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] . Threedimensional plots of GFP fluorescence distribution (insets) highlight the increased fluorescence concentrated on the plasma membrane and around the nucleus in the presence of A␤. Group data showed that in the presence of A␤, the ratio of CLIC1-eGFP in the membrane relative to the cytoplasm is significantly increased (n ϭ 28 cells; p Ͻ 0.001; Mann-Whitney). b, A CLIC1-eGFPtransfected cell labeled with the membrane marker DiIC 12 (red) treated with A␤, showing colocalization of green and red fluorescence in the membrane after treatment (right). Overall, CLIC1-GFP/DiIC 12 fluorescence showed a significant increase in colocalization within the cell membrane region after A␤ exposure (n ϭ 7 cells; p Յ 0.01, paired t test). c, d, Immunofluorescence of permeabilized BV2 cells using antibodies against CLIC1, both commercially sourced (c; green) and laboratory generated (d; red), in untreated cells (top) and confirming the membrane localization of CLIC1 after stimulation with A␤ 25-35 for 1 h before fixation (bottom). Cells were also stained with DAPI (blue). The ratio of CLIC1 immunofluorescence signal in the membrane to that in the cytoplasm was significantly increased by A␤ (n ϭ 10 cells in each condition from different coverslips; p Ͻ 0.001, Mann-Whitney 4 and independent samples t test, respectively, see Results). e, Unpermeabilized BV2 cells were probed using an antibody to the extracellular N terminus of CLIC1; untreated cells exhibited no immunoreactivity (top), whereas the resulting immunoreactivity in A␤-treated cells (bottom) confirmed the membrane localization of CLIC1. For the untreated cell (top), the transmitted light image has been added to delineate the cell borders where fluorescence might be expected but is absent. f, Lower magnification images showing CLIC1 distribution in untreated (left) and A␤-treated cells (right) stained using a laboratorygeneratedantibodytoCLIC1.Someexamplesofregionsofmembrane staininghavebeenindicatedwitharrows.Scalebars,20m.
treated (left) and A␤-treated (right) cells is revealed by a laboratory-generated antibody to the protein. Several treated BV2 cells show that CLIC1 translocation to the plasma membrane is a common response to A␤.
Localization of CLIC1 was also examined in brain sections from triple-mutant 3ϫTg-AD mice (Oddo et al., 2003) . With aging, these transgenic mice develop amyloid deposits, detectable with thioflavin S staining, which are absent in their wild type (WT) littermates (Fig. 3a,b) . Immunostaining revealed that CLIC1 is strongly expressed in microglial cells, identified by the binding of LEA, in brain sections of both transgenic and WT mice at 18 months of age. In 3ϫTg-AD mice, however, microglial cells were more numerous than in WT mice (elevated by 42 Ϯ 8%; n ϭ 3 sections from 3 mice) and showed a higher level of CLIC1 immunostaining (Fig. 3c,d ). Microglia cells in 3ϫTg-AD brain show different morphology (Streit, 2005) . In WT samples (Fig. 3e-g ), microglia cells are characterized by a ramified phenotype and CLIC1 immunoreactivity was present only in the cytosol (Fig. 3e,g ). 3ϫTg-AD model microglia show two morphologically distinct cell types: "activated" microglia, characterized by shorter ramifications than WT, and round "phagocytic" microglia. Activated microglia, in addition to cytoplasmic presence, show CLIC1 immunoreactivity in several segments of the plasma membrane (Fig. 3h) . In phagocytic microglia, the distribution of CLIC1 was more prominent in the cell membrane (Fig. 3i-l ) .
CLIC1-NH 2 -FLAG shows the acute membrane insertion and channel function of the protein in response to A␤
We used CLIC1 tagged at its N terminus with a FLAG epitope, combined with anti-FLAG-m2 antibodies, to demonstrate that A␤ causes CLIC1 to indeed span the membrane, because the anti-FLAG identifies the N terminus exposed extracellularly. BV2 cells were transfected with a pIRES2-eGFP CLIC1-NH 2 -FLAG construct (see Materials and Methods). Fluorescent anti-m2 antibodies were used in live intact cells to confirm the membrane-spanning translocation of the CLIC1-NH2-FLAG after exposure to A␤ [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] (Fig. 4a-d) . Binding of the anti-m2 Cy3 conjugate antibody was only seen in GFP-expressing cells after A␤ treatment (Fig. 4a-c) .
The same anti-m2 antibody was then used to explore the contribution of the CLIC1 channel to the A␤-induced membrane current, using perforated-patch recordings, as above (Fig. 4e) . The A␤-induced current was reduced by a mean of 46.7% (n ϭ 7; p Ͻ 0.001) after application of the antibody. Any residual CLIC1-mediated current in the presence of m2 (seen as the IAA94 sensitive component in Fig. 4e ) is likely to be attributable to endogenous (untagged) CLIC1.
CLIC1 is required for A␤-induced microglial ROS production
We hypothesized that the translocation of CLIC1 could be linked to other aspects of A␤-induced microglial activation, specifically to NAPDH (NOX2) oxidase function. Production of superoxide (O 2 * Ϫ ) by NOX2 is electrogenic (Henderson et al., 1987) . If the charge generated by NOX2 activity is not compensated, enzyme LEA (f, h, j, l; green) ; g, h, k, l, Merged images. CLIC1 labeling is diffuse in ramified resting microglia from control mice (e-g; 9 positive cells of 75 analyzed; n ϭ 3 mice), whereas in AD mice (h-l ), it is present also in the cell membrane of activated microglia (arrow and inset in h) and of round phagocytic microglia (I-l; 65 positive cells of 84 analyzed; n ϭ 3 mice). l, The enlargement of the cell shown in k is accompanied by intensity profiles along the horizontal and vertical lines demonstrating enrichment of CLIC1 labeling in the membrane stained by LEA. Scale bars: a-d, 25 m; e-k, 10 m; l, 8 m.
activity becomes limited by the membrane depolarization (Henderson et al., 1987; DeCoursey et al., 2003) . Because any functional membrane conductance will inevitably provide a route for current flow, we hypothesized that CLIC1-mediated conductances might therefore modulate NOX2 function. To examine the impact of CLIC1 translocation and currents on ROS production by NOX2, we used HEt to measure the rate of ROS generation in response to A␤. HEt is oxidized to a fluorescent product by ROS, such that the rate of fluorescence increase is a function of the rate of ROS generation (Bindokas et al., 1996; .
Exposure to A␤ [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] (50 M) increased the rate of ROS generation by 2.18 Ϯ 0.1-fold in BV2 cells (Fig. 5c,e) (n ϭ 196 cells; 5 coverslips; p Ͻ 0.01) and 2.04 Ϯ 0.1-fold in PMG cells (Fig. 5d ,e) (n ϭ 134 cells; 6 coverslips; p Ͻ 0.01). A␤ 1-42 (5 M) had a similar effect in BV2 cells, with an increased rate of HEt oxidation of 2.26 Ϯ 0.06-fold over basal (Fig. 5e ) (n ϭ 196 cells; 5 coverslips; p Ͻ 0.01). No significant increases were seen in the rate of ROS production when cells were treated with the inactive reverse peptide (A␤ ; n ϭ 129 cells from 3 coverslips; p ϭ 0.399). Interestingly, the divergence of the A␤ stimulated response from baseline was delayed by 5-10 min after application of the A␤, showing a similar time course to the CLIC1-mediated current (Fig. 5a,b) . ROS generation by both BV2 and PMG cells in response to A␤ [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] was significantly hampered by IAA94 (Fig. 5e ). The activated: baseline ratios were just 1.33 Ϯ 0.05 (n ϭ 128 cells; 4 coverslips; p Ͻ 0.01) in BV2 cells and 1.34 Ϯ 0.04 (n ϭ 145 cells; 4 coverslips; p Ͻ 0.01) in PMG cells and only 1.64 Ϯ 0.05 (n ϭ 146 cells; 5 coverslips; p Ͻ 0.01) in BV2 cells treated with A␤ 1-42 . Thus, the rate of ROS production is strongly dependent on CLIC1 function in both BV2 and PMG in response to A␤.
The data shown above and previous electrophysiological studies of the CLIC1 conductance suggest that the main permeant ion is chloride. We therefore replaced extracellular chloride with the impermeant ion, methanesulphonate (Fig.  5f ), and found a dose-dependent relationship between extracellular chloride concentration and ROS production. Partial replacement of Cl Ϫ with 56 mM sodium methanesulphonate reduced the activated: baseline ratio of HEt fluorescence in response to A␤ 25-35 to 1.54 Ϯ 0.10-fold (n ϭ 149 cells; 4 coverslips; p Ͻ 0.01). A further reduction in chloride (100 mM sodium methanesulphonate) reduced the activat- After treatment with A␤, profiles of fluorescence intensity highlight the A␤-induced increase in anti-m2-Cy3 binding to CLIC1-FLAG at the cell membrane. Scale bar, 10 m. e, The A␤-induced membrane current in CLIC1-FLAGtransfected cells was reduced by application of the anti-FLAG antibody. IAA94 and DIDS caused a further reduction in current blocking the endogenous conductances. The average current after m2 antibody (171.8 Ϯ 18.8 pA) compared with the average control current triggered by A␤ (321.7 Ϯ 26.8 pA) was significantly reduced (n ϭ 7; p Ͻ 0.001, independent samples t test).
ed:baseline ratio to just 1.06 Ϯ 0.06-fold (n ϭ 130 cells; 4 coverslips; p Ͻ 0.001). These data emphasize the importance of the CLIC1-mediated chloride conductance in microglial ROS generation in response to A␤.
Suppression of the CLIC1 conductance with antibody and with siRNA confirms the specific requirement for the CLIC1 conductance in ROS production In a similar manner to the anti-m2 antibody, an antibody against the native extracellular N terminus of native CLIC1 reduces the membrane chloride current (Fig. 6) . After activation of the A␤-induced current in perforated-patch whole-cell recordings from rat PMG cells (Fig. 6a) , perfusion with the CLIC1 antibody significantly reduced the average current amplitude by 52% (n ϭ 8; p Ͻ 0.001). The current was unaffected by control purified sheep IgG (n ϭ 6). Not only did the antibody to the CLIC1 N terminus reduce the current, it also inhibited microglial A␤-induced ROS production. The oxidation of HEt after exposure of PMGs to A␤ in the presence of the antibody was reduced relative to the control increase (2.04 Ϯ 0.11-fold) to 1.37 Ϯ 0.06-fold (activated:baseline ratio; n ϭ 89 cells; 4 coverslips; p Ͻ 0.01).
Addition of the antibody also stopped ROS production in cells which had previously been activated (Fig. 6b) . In the presence of A␤ alone, the rate of ROS production increases, but subsequent addition of the CLIC1 antibody actually causes a decrease. During exposure to A␤ only, the rate of ROS generation was higher after 20 -30 min than it was during the 10 -20 min period (ϩ69.3 Ϯ 22%) (Fig. 6b, inset) . However, addition of CLIC1 antibody at the 20 min time point after A␤ resulted in a significant decrease in the slope (Ϫ16.2 Ϯ 8%; n ϭ 38 cells from 2 coverslips; p Ͻ 0.01), relative to the slope over the previous time points.
Transfection of BV2 cells with siRNA results in a significant downregulation of the CLIC1 protein (Fig. 7a) . In microglial cells . Anti-CLIC1 antibodies inhibit both the anion current and ROS production by A␤-stimulated microglia. a, The A␤-induced increase in membrane current was insensitive to purified sheep IgG (n ϭ 6), but was reduced by application of the CLIC1-NH 2 specific antibody, after which IAA94 did not reduce the current further. The residual current was blocked by DIDS. The amplitude of the average current after A␤ was 365.3 Ϯ 18.8 pA and was reduced significantly by the anti-CLIC1 antibody to 153.8 Ϯ 11.8 pA (n ϭ 8; p Ͻ 0.001, independent samples t test). b, Addition of the antibody 20 min after A␤-induced activation inhibited established ROS production. Control cells (inset) showed a 67.4 Ϯ 22% increase in the rate of HEt oxidation between 10 -20 and 20 -30 min periods (n ϭ 134 cells). Addition of the anti-CLIC1 antibody at 20 min significantly reduced the rate, which instead of increasing, now decreases by 16.2 Ϯ 8% (mean Ϯ SEM; n ϭ 38 cells; p Ͻ 0.001, Mann-Whitney).
treated with the siRNA, the A␤-induced current was significantly reduced by an average of 44% (n ϭ 8; p Ͻ 0.01) (Fig. 7b) compared with control cells transfected with the pAAV 2.1-CMV eGFP alone (n ϭ 8). A␤-induced ROS generation in response to A␤ [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] was also significantly reduced by CLIC1 siRNA, compared with neighboring untransfected cells (Fig. 7c,f,h ). The increased rate of HEt oxidation induced by A␤ [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] in the siRNA transfected cells was only 1.67 Ϯ 0.09-fold (n ϭ 125 cells; 8 coverslips) compared with 2.34 Ϯ 0.06-fold in the neighboring control cells (n ϭ 309 cells; p Ͻ 0.001) (Fig. 7c,f) ; the same effect was seen using A␤ (Fig. 7d) . Sham transfection of BV2 cells caused no significant difference in the ROS response to A␤ compared with adjacent untransfected cells (ratio of stimulated:basal HEt signal was 2.49 Ϯ 0.19, n ϭ 91 transfected cells from 6 coverslips and 2.40 Ϯ 0.09, n ϭ 168 untransfected cells from 6 coverslips, respectively; p ϭ 0.883) (Fig. 7e) . The rates of ROS production in the untransfected cells under each transfection condition were not significantly different ( p ϭ 0.551). Consistent with the above results, CLIC1 levels at the cell membrane in siRNA transfected cells were lower than in control cells (Fig. 7g) . The difference in the ROS response to A␤ after transfection with CLIC1 siRNA is highlighted by the reduced levels of HEt fluorescence (right panel) in cells transfected with the CLIC1 siRNA (green cells, left panel) compared with neighboring untransfected cells (Fig.  7h ).
CLIC1 function is not only required for ROS production but is also activated by oxidants and by NADPH oxidase activity The membrane insertion and channel activity of CLIC1 seem crucial for generation of ROS by microglial NOX2. However, the ability of CLIC1 to associate directly with the membrane itself likely depends on a redox controlled structural transition (Littler et al., 2004) .
The NADPH oxidase inhibitor DPI (1 M) inhibited the ROS response to A␤ as expected (the HEt signal after A␤ was not significantly different from baseline; p ϭ 0.205; 135 cells from 3 coverslips), confirming that the ROS response is attributable to the NADPH oxidase (Fig. 8a) . Remarkably, in perforated-patch experiments, the presence of DPI diminished the increase in CLIC1-mediated current in response to A␤ (Fig. 8b) . The membrane current in the presence of DPI showed a mean increase of only 85 Ϯ 10 pA (n ϭ 23), significantly reduced ( p Ͻ 0.01) when compared with the control current of 394 Ϯ 22 pA (n ϭ 21). We therefore tested the impact of prooxidant stimuli on CLIC1 channel activity (Fig. 8c,d) . Application of either the prooxidants H 2 O 2 (100 M) or tBOOH (500 M) caused the increase of an outward current as after the stimulation with the bacterial endotoxin LPS (5 M), the protein kinase C activator PMA (1 M) or A␤ [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] (Fig. 8c) . The currents could again be separated into two components: the first sensitive to the CLIC1 blocker IAA94 and the second to DIDS. H 2 O 2 and tBOOH on average activated more total membrane current than LPS, PMA, or A␤ (Fig. 8d ) .
These data together argue strongly that activation of the CLIC1 current requires prior activation of the NADPH oxidase and lead us to suggest a model whereby activation of the NADPH oxidase promotes oxidation of cytosolic CLIC1, which translocates to the membrane, generating a Cl Ϫ conductance. The conductance then provides a route for charge compensation that supports activity of NADPH oxidase. The model suggests that the redox regulation of CLIC1 localization and function together permit sustained ROS generation by the NADPH oxidase in microglia activated by A␤.
Discussion
ROS generation and the resultant oxidative stress in the CNS are believed to constitute a major mechanism underlying the neurodegeneration in Alzheimer's disease and other disorders (McDonald et al., 1997; Butterfield and Boyd-Kimball, 2004; . Activation of the NADPH oxidase (NOX2) in both astrocytes and microglia seems to represent the major source of ROS generation in response to A␤ accumulation Qin et al., 2005) . Several significant findings have emerged from the current study. Perhaps of most importance, we have shown that the CLIC1-mediated chloride conductance is required for sustained microglial ROS generation. This finding suggests that CLIC1 represents a novel potential therapeutic target in AD. Where inhibitors of the NADPH oxidase risk global immunosuppression, targeting the enzyme through modulation of CLIC1 offers a new approach to this problem (Qin et al., 2002 Wilkinson and Landreth, 2006; Block et al., 2007) .
The data presented here throw light on the fundamental cell biology of the microglial NADPH oxidase. The extrusion of electrons across the membrane to generate superoxide develops a potential across the membrane. The depolarization will impose bioenergetic limits on the enzyme activity and thus curtail ROS generation if there is no route for charge compensation (Henderson et al., 1987; Bankers-Fulbright et al., 2003; Rada et al., 2005) . Although several ion channels have been ascribed this role in other cell types, an issue that has proven highly controversial (DeCoursey, 2003; Ahluwalia et al., 2004) , it is evident that any functional conductance in the membrane during NOX2 activity will inevitably contribute to setting the membrane potential. Our data demonstrate that the chloride conductance generated by CLIC1 insertion into the plasma membrane clamps the membrane potential close to E Cl , providing a mechanism that offsets the electrogenic activity of the enzyme and thus supports the sustained generation of ROS by the oxidase.
The experiments in both voltage clamp and current clamp show the predominance of this ionic pathway during microglial activation by A␤ (Fig. 1) . Among candidate compensation channel proteins, microglia express greater levels of CLIC1 mRNA than ClC3, I Cln , ClC2 and Kv1.3 mRNA (Ducharme et al., 2007) . The specific role of CLIC1 may well have been over-looked previously, because of its sensitivity to cytoplasmic washout in patch-clamp recordings and the requirement for perforated patch-clamp techniques. The role of CLIC1 may be specifically linked to A␤ exposure, because there is some evidence that different NOX2-activating stimuli elicit different compensatory mechanisms in microglia (Thomas et al., 2007) . It is clear, however, from the present study that the CLIC1-mediated chloride conductance represents the major mechanism for charge compensation in microglial exposed to A␤, and it clearly plays a cen- tral role in the regulation of A␤-induced microglial NADPH oxidase function. The increased presence of CLIC1 in microglial cell membranes seen within section from 3ϫTg-AD mouse brain associates CLIC1 with A␤ pathology. This work thus provides an insight into AD pathophysiology while addressing the fundamental issue of regulation of ROS generation by the NADPH oxidase.
We also described some fascinating properties of the recently discovered but poorly understood CLIC1 protein. Although CLIC proteins are widely expressed, their functional roles have remained obscure. We have shown that A␤ causes the rapid redox dependent translocation of CLIC1 from the cytoplasm to insert into the cell membrane where it functions as a chloride channel. Thus, the A␤-induced activation of the CLIC1 current requires NOX2 activity, while exogenous prooxidant stimuli also promote the CLIC1 current. We therefore propose a novel feedforward mechanism, whereby activation of the oxidase and resultant ROS production promotes a redox-controlled structural transition of CLIC1 and promotes its insertion into the membrane where it carries an anion conductance. The increase in CLIC1-mediated chloride conductance then facilitates ROS generation by NOX2 by providing a conductance that offsets the membrane potential change generated by NOX2 activity and permitting sustained ROS generation by the oxidase (Henderson et al., 1987; Bankers-Fulbright et al., 2003; Rada et al., 2005) .
Microglial NOX2-derived ROS are strongly implicated in neurodegeneration; oxidative stress is known to cause widespread damage to lipids (Ambroggio et al., 2005) , proteins (Butterfield et al., 2006) , and DNA (Lovell and Markesbery, 2007) and may alter neuronal function and cause cell death. Neurons are particularly vulnerable to oxidative stress because of their low antioxidant capacity (Dringen et al., 2000) and high metabolic requirements (Attwell and Laughlin, 2001) . It is worth mentioning that, although the overall contribution of microglia and macrophages might be positive, or at least complex and somewhat ambivalent, in AD, the role of microglial-derived ROS is almost certainly negative (Hanisch and Kettenmann, 2007) . ROS have been implicated extensively in A␤-induced microglial-mediated neurotoxicity and synaptic dysfunction Qin et al., 2005) , and A␤-induced NADPH oxidase-derived ROS also impair cerebral blood flow (Park et al., 2005) . In microglia, the ROS produced by NADPH oxidase are not only thought to have a direct impact on surrounding cells but are also required as a signal for microglial proliferation through regulation of TNF␣ production (Jekabsone et al., 2006) and promotion of further signaling cascades (Qin et al., 2004) . The present results go some way toward explaining the mechanism through which CLIC1 inhibition reduces microglial proliferation and TNF␣ production (Novarino et al., 2004) , which we have shown previously; we have now identified CLIC1 regulation of ROS as a potential signaling mechanism controlling these functions. Other roles of CLIC1, for example in the cytosol or intracellular membranes,
are not yet understood and may add further dimensions to this account.
Despite a massive research effort, effective treatments and targets for AD remain elusive. The inexorable neurodegeneration has been linked to the inflammatory response because high levels of inflammatory markers correlate with neuronal loss (Lue et al., 2001) and cognitive decline (Parachikova et al., 2007) in AD patients. The inflammatory response is, however, complex and only harmful when misdirected. Inhibition of ROS production through direct global inhibition of the NADPH oxidase could prove undesirable, therefore, given the many important roles of the enzyme in physiology and in antibacterial defense. We have shown previously that CLIC1 is implicated in microglialmediated A␤-induced neurotoxicity (Novarino et al., 2004) ; it is now clear that CLIC1 has a specific role in the initiation and facilitation of microglial ROS production and, therefore, represents an ideal and novel therapeutic target to counteract the neurodegeneration in AD.
